Acclimatisation to environmental hypoxia initiates a series of metabolic and musculocardiorespiratory adaptations that influence oxygen transport and utilisation. Whilst it is clear that adequate acclimatisation, or better still, being born and raised at altitude, is necessary to achieve optimal physical performance at altitude, scientific evidence to support the potentiating effects after return to sea level is at present equivocal. Despite this, elite athletes continue to spend considerable time and resources training at altitude, misled by subjective coaching opinion and the inconclusive findings of a large number of uncontrolled studies. Scientific investigation has focused on the optimisation of the theoretically beneficial aspects of altitude acclimatisation, which include increases in blood haemoglobin concentration, elevated buffering capacity, and improvements in the structural and biochemical properties of skeletal muscle. However, not all aspects of altitude acclimatisation are beneficial; cardiac output and blood flow to skeletal muscles decrease, and preliminary evidence has shown that hypoxia in itself is responsible for a depression of immune function and increased tissue damage mediated by oxidative stress. Future research needs to focus on these less beneficial aspects of altitude training, the implications of which pose a threat to both the fitness and the health of the elite competitor.
Physiological implications of altitude training for endurance performance at sea level: a review Damian M Bailey, Bruce Davies Summary Acclimatisation to environmental hypoxia initiates a series of metabolic and musculocardiorespiratory adaptations that influence oxygen transport and utilisation. Whilst it is clear that adequate acclimatisation, or better still, being born and raised at altitude, is necessary to achieve optimal physical performance at altitude, scientific evidence to support the potentiating effects after return to sea level is at present equivocal. Despite this, elite athletes continue to spend considerable time and resources training at altitude, misled by subjective coaching opinion and the inconclusive findings of a large number of uncontrolled studies. Scientific investigation has focused on the optimisation of the theoretically beneficial aspects of altitude acclimatisation, which include increases in blood haemoglobin concentration, elevated buffering capacity, and improvements in the structural and biochemical properties of skeletal muscle. However, not all aspects of altitude acclimatisation are beneficial; cardiac output and blood flow to skeletal muscles decrease, and preliminary evidence has shown that hypoxia in itself is responsible for a depression of immune function and increased tissue damage mediated by oxidative stress. Future research needs to focus on these less beneficial aspects of altitude training, the implications of which pose a threat to both the fitness and the health of the elite competitor.
Paul Bert was the first investigator to show that acclimatisation to a chronically reduced inspiratory partial pressure of oxygen (PIo,) invoked a series of central and peripheral adaptations that served to maintain adequate tissue oxygenation in healthy skeletal muscle,' physiological adaptations that have been subsequently implicated in the improvement in exercise performance during altitude acclimatisation. However, it was not until half a century later that scientists suggested that the additive stimulus of environmental hypoxia could potentially compound the normal physiological adaptations to endurance training and accelerate performance improvements after return to sea level. This has stimulated an exponential increase in scientific research, and, since 1984, 22 major reviews have summarised the physiological implications of altitude training for both aerobic and anaerobic performance at altitude and after return to sea level. Of these reviews, only eight have specifically focused on physical performance changes after return to sea level,2-9 the most comprehensive of which was recently written by Wolski et al. 9 Few reviews have considered the potentially less favourable physiological responses to moderate altitude exposure, which include decreases in absolute training intensity,'0 decreased plasma volume," depression of haemopoiesis and increased haemolysis,12 increases in sympathetically mediated glycogen depletion at altitude,'3 and increased respiratory muscle work after return to sea level. '4 In addition, there is a risk of developing more serious medical complications at altitude, which include acute mountain sickness, pulmonary oedema, cardiac arrhythmias, and cerebral hypoxia. 5 The possible implications of changes in immune function at altitude have also been largely ignored, despite accumulating evidence of hypoxia mediated immunosupression."
In general, altitude training has been shown to improve performance at altitude, whereas no unequivocal evidence exists to support the claim that performance at sea level is improved. Table 1 summarises the theoretical advantages and disadvantages of altitude training for sea level performance.
This review summarises the physiological rationale for altitude training as a means of enhancing endurance performance after return to sea level. Factors that have been shown to affect the acclimatisation process and the subsequent implications for exercise performance at sea level will also be discussed.
Studies were located using five major database searches, which included Medline, Embase, Science Citation Index, Sports Discus, and Sport, in addition to extensive hand searching and cross referencing. All published English studies, dating back from the present day to 1956, that included physiological measurements during exercise before and after hypoxic training were incorporated in the overall analysis. Ninety one investigations were selected, which included 772 hypoxically trained experimental and 209 normoxically trained control subjects.
The investigations were subdivided according to whether a normoxically trained control group was incorporated into the experimental design. Other classifications were made depending on the characteristics of the hypoxic stimulus, which included type (normobaric or hypobaric hypoxia; continuous or intermittent), duration, and magnitude (calculated ambient Po,), and timing of physiological testing after the descent to sea level.
The continued popularity of altitude training has been influenced by two factors. Firstly, hypoxia in itself increases blood haemoglobin (Hb) concentration, which has been shown to improve endurance performance. Secondly, several of the best endurance runners in the world have originated from East African countries that are based at altitude (1500-2000 m).
Is it possible that either living and/or training at Figure 1 illustrates the apparently disproportionate running success of the native highlander. This figure represents data obtained To what extent these physiological adaptations are acquired as the result ofinheritance or hypobaric hypoxia is not well defined. The influence of genetic factors on quantitative oxygen transport was recently investigated in a unique study by Beall et al. 39 They identified a major gene that enhances arterial oxygen saturation in sedentary Tibetan natives. The physiological significance of this was shown by Niermeyer et al,40 who concluded that genetic adaptations to hypobaric hypoxia resulted in improved oxygenation and conferred resistance to subacute infantile mountain sickness. These adaptations were more pronounced in a cohort of Tibetan newborns whose ancestors have resided at altitude for 50 000 to 100 000 years, in comparison with Han newborns whose ancestors had resided at altitude for only 45 years.4' In general, these findings would suggest that a lifetime or perhaps generations of altitude exposure are responsible for the biological distinctiveness of the high altitude population.
Altitude training and sea level endurance performance in native lowlanders Table 3 summarises the effects of altitude training on sea level endurance performance. The weight of scientific evidence does not support the potentiating effects of altitude training. However, it is becoming clearer that a number of methodological deficiencies may preclude the potential synergistic effects of hypoxia and physical exercise, the physiological implications of which will be discussed in the following sections.
Intensity and duration of the hypoxic stimulus and associated haematological adaptation There is still much controversy about the optimal altitude and duration required for athletes to train in an attempt to optimise endurance performance at sea level. Much attention has These observations led early investigators to hypothesise that altitude exposure may result in a detraining response.79 Daniels and Oldridge57 have shown the importance of training intensity at altitude and its effects on sea level performance. They suggested that intermittent exposures to altitudes of 2300 to 3300 m and sea level optimised the balance between hypoxic acclimatisation and training intensity.
Despite the experimental limitations of a single group design, two world records and 12 personal best times were recorded by athletes on return to sea level, which presented a reasonable endorsement for such an approach. However, from our experience, it is equally possible to have expected similar improvements in a control group training at sea level.64
The detraining effect induced during chronic exposure to hypobaric hypoxia has been quantified in a sequence of studies by Levine et al.42 50 68 In their most recent study,50 39 competitive runners were randomly assigned to four weeks of (a) living high (2500 m) and training low (1250 m), (b) living high (2500 m) and training high (2500 m), or (c) living low (150 m) and training low (150 m).
They showed that, although VO2MAX values significantly improved 5 km race performance times by 4% in the two altitude trained groups, the running velocity that corresponded to Vo2MAx and the ventilatory threshold at sea level were significantly improved only in the group that lived high and trained low. An unusual finding was that 5 km performance time was 31 seconds slower in the sea level control group, which would suggest that the training stimulus was not absolutely controlled during the experimental period. Nevertheless, it was concluded that the potentiating effects of altitude training were due to a high altitude acclimatisation effect (improved haematology) and a low altitude training effect (increased training intensity). Thus the authors advocated the practice of living high and training low as the optimal approach to altitude training. This has popularised the use of "altitude houses" recently developed in Finland which are portable hypobaric chambers used by elite athletes, who alternate living and sleeping at simulated altitude with normobaric training.86 However, the effectiveness of this procedure should at present be considered equivocal, and further scientific investigation is warranted to endorse this approach to altitude training.
Concept of a critical Po2 and haematological adaptation Few athletes can afford the costs inherent in a "live high, train low" approach to altitude training. Therefore is it possible that a "threshold" altitude exists that optimises the benefits of haematological acclimatisation and minimises the negative effects of detraining? Weil Optimal duration Few data are available on the optimal time an athlete should spend training at altitude. On the basis of subjective coaching opinion as opposed to objective scientific evidence, it would appear that three weeks are sufficient to gain a performance advantage at sea level. 89 However, the longer the duration of the hypoxic stimulus the greater the erythropoietic response and associated haematological adaptation. '7 This was shown by Berglund,90 who summarised the haematological changes during previous altitude training studies conducted between 1829 and 3048 m. He identified a "true" increase in Hb concentration of 1% per week, which was independent of a haemoconcentration. Thus, assuming that the detraining response could be minimised and polycythaemia did not approach pathological values, the longer the athlete spends at altitude, the greater the potential benefit for endurance performance.
Iron status during altitude training Hypoxia in itself increases iron demand and mobilisation,9 92 such that endurance athletes training at altitude may be prone to iron deficiency. Lack of this critical erythropoietic factor has been shown to inhibit complete haematological adaptation.93 Despite its importance, few studies have actually reported iron status of athletes during their hypoxic exposure. Suboptimal iron stores may account for the vast majority of training studies that have failed to show increases in Hb concentration and endurance performance on return to sea level after the hypoxic exposure. The differences in iron status may also characterise the highly individualised haematological responses observed during altitude training.43
Interval between descent and event There is some evidence to suggest that endurance performance is affected by the timing of the descent to sea level after a sojourn to altitude. The general consensus amongst top coaches would suggest that endurance performance is optimised after 14 days at sea level after a bout of altitude training,89 yet there is no scientific evidence to support this claim. 
Measurement of the altitude effect independent of training Figure 2 shows that, since 1956, only 27 (30%) of the 91 hypoxic training studies reviewed have incorporated a normoxically trained control group. This makes it impossible to determine whether the physiological changes that occur after a bout of altitude training can be attributed to an improvement in physical conditioning or to the additive effects of hypoxia itself.
To a decrease in muscle perfusion may also play a contributory role; oxygen transport, determined as a product of blood flow and arterial oxygen concentration is regulated during changes in Pao,. Reductions in blood flow during the inhalation of a hyperoxic gas mixture regulates oxygen delivery to the working muscles, such that total oxygen delivery is similar to that observed in normoxia'°°. Autoregulation of this mechanism has been investigated at altitude and after return to sea level."'0 102 Whilst chronic exposure to hypobaric hypoxia increased arterial oxygen content as the result of an increase in Hb concentration, sympathetically mediated arterial vasoconstriction and a reduction in total cardiac output caused a reduction in blood flow, thus preventing an increase in oxygen transport.'0' This decrease in muscle perfusion has been shown to persist after return to sea level. Using "'Xe, blood flow to the vastus lateralis was shown to decrease by up to 39% (P<0.001) during submaximal exercise after a three month expedition to 8398 m.'0' Favier et 
